By using the technique of recoil-free absorption (Mossbauer effect) in iron, we found large amounts of iron, yielding a well-defined spectrum different from that of oxy-or deoxyhemoglobin, in whole erythrocytes of 13 patients with #-thalassemia major and intermedia, 3 with hemoglobin H disease, 2 with sickle-cell anemia, and 1 with unstable hemoglobin Hammersmith. The Mossbauer spectra at various temperatures of this additional component of iron were found to be identical to spectra obtained from isolated ferritin or hemosiderin. This observation, together with additional arguments, strongly suggests that the compound responsible for the additional subspectrum is an iron storage protein, ferritin or hemosiderin. The amounts of ferritinlike iron were comparable to those of hemoglobin iron and were particularly large in reticulocytes. No ferritinlike iron was detected in patients with severe autoimmune hemolytic anemia and pernicious anemia. The large quantities of ferritinlike iron in hemoglobinopathies are probably due to intracellular hemoglobin denaturation and the consequent release of excess iron.
ABSTRACI
By using the technique of recoil-free absorption (Mossbauer effect) in iron, we found large amounts of iron, yielding a well-defined spectrum different from that of oxy-or deoxyhemoglobin, in whole erythrocytes of 13 patients with #-thalassemia major and intermedia, 3 with hemoglobin H disease, 2 with sickle-cell anemia, and 1 with unstable hemoglobin Hammersmith. The Mossbauer spectra at various temperatures of this additional component of iron were found to be identical to spectra obtained from isolated ferritin or hemosiderin. This observation, together with additional arguments, strongly suggests that the compound responsible for the additional subspectrum is an iron storage protein, ferritin or hemosiderin. The amounts of ferritinlike iron were comparable to those of hemoglobin iron and were particularly large in reticulocytes. No ferritinlike iron was detected in patients with severe autoimmune hemolytic anemia and pernicious anemia. The large quantities of ferritinlike iron in hemoglobinopathies are probably due to intracellular hemoglobin denaturation and the consequent release of excess iron.
Apoferritin biosynthesis is greatly enhanced in thalassemic reticulocytes and relatively large amounts of iron in the form of storage protein-ferritin and hemosiderin-are present in the erythropoietic cells obtained from patients with this disease (1, 2) . In an earlier study by the present authors (3) on the iron present in whole thalassemic erythrocytes (RBC) that used the technique of recoil-free absorption (Mossbauer effect), an iron-containing compound, not present in normal RBC, was found. The iron Mossbauer spectra at various temperatures of this additional iron-containing compound, were found in the present work to be identical to spectra obtained from isolated ferritin or hemosiderin. This shows that the physical state of the iron in this compound is very similar to that of the iron cores in ferritin. Because of this and additional arguments presented in the discussion, it is very likely that the additional compound is a storage protein, ferritin or hemosiderin (which is usually considered to be denatured ferritin). Mossbauer spectroscopic measurements in frozen RBC at appropriate temperatures enable one to distinguish between the various components containing iron that are present in a sample and to obtain quantitative estimates of the relative amounts of iron in these various components. The spectroscopic identification of the different iron components is very clear at liquid helium temperatures (4.1 K), when the hyperfine interactions in hemoglobin (Hb) iron and in ferritinlike iron produce Mossbauer spectra of very different shapes. Moreover, measurements at -10°C show that at this temperature only the ferritinlike iron gives rise to an observable spectrum because of the very low recoil-free efficiency in the Hb at this temperature. 
MATERIALS AND METHODS
The recoil-free resonance absorption in the Mossbauer-sensitive nucleus 57Fe, present in the iron contained in the frozen RBC, was measured by using a conventional M6ssbauer spectrometer (4) . A 100-mCi 57Co-in-rhodium radioactive source that gives a narrow unsplit emission line was used (1 Ci = 3.7 X 1010 becquerels). The 14.4-keV gamma rays were detected by using a Harwell proportional counter operating at about 5 X 104 counts/sec.
The recoil-free absorption of RBC, separated from peripheral venous blood, was measured with about 1 ml of packed RBC, encapsulated in sealed perspex containers of about 1.5 cm2 cross section. The RBC were frozen immediately after separation from the plasma and stored in liquid nitrogen before measurement. The samples were contained in cryostats enabling absorption measurements to be made at any temperature between 4.1 and 273 K. Least-squares computer fits to the experimental spectra were performed, taking the hyperfine interaction parameters corresponding to each subspectrum and the relative intensity of the subspectra as free parameters. Lorentzian line shapes were assumed.
The present study was carried out in peripheral RBC from 13 Hammersmith (CD1 p42 Phe --Ser) was sent from Paris (by the courtesy of jean Rosa), where the diagnosis had been made.
Samples from one patient with pernicious anemia in relapse, during treatment with vitamin B-12, and from two patients with Coombs-positive autoimmune hemolytic anemia with a high reticulocyte count were also examined.
In order to measure Mossbauer spectra in different red cell populations, we separated whole RBC into three main components by differential centrifugation according to the method of Murphy (6) . The top layer contained mainly young RBC (reticulocytes and normoblasts); the bottom layer contained mainly old RBC and a few reticulocytes and normoblasts. For a few cases, measurements were also carried out on RBC hemolysates prepared by lysis of the RBC in toluene and subsequent centrifugation at 15,000 rpm for 20 min. RESULTS Normal RBC. Mossbauer spectra of RBC from the peripheral blood of three normal adults were measured at 4.1 and 80 K. Fig. 1 shows a typical spectrum of this kind. It is composed of two subspectra, each consisting of a doublet produced by the electric quadrupole interaction, peaks of subspectrum a corresponding to deoxy-Hb and peaks of subspectrum b to oxy-Hb. The ratio of the area under peaks of subspectrum a to the area under peaks of subspectrum b reflects the ratio of the amount of deoxy-Hb to oxy-Hb in the sample. Computer analysis of such a spectrum yielded the parameters characterizing the hyperfine interaction of iron in oxy-and deoxy-Hb. The parameters obtained were identical with those reported previously (7) .
Thalassemic RBC. In all cases of ,B-thalassemia major and intermedia and of Hb H disease, a third component, in addition to oxy-and deoxy-Hb, could be distinguished in the spectra. This component was not observed in the samples of frozen RBC from two patients with fp-thalassemia minor. Subspectra a correspond to deoxy-Hb; subspectra b, to oxy-Hb; and subspectra c, to the ferritinlike compound.
Hb peaks were not evident. The temperature dependence of the spectra shows that the recoil-free efficiency (f-value) of the c component dropped off much more slowly with rising temperature than the f-value for Hb and that at a sufficiently high temperature only the f-value of the former was appreciably different from zero. The spectrum at 4.1 K is displayed in Fig.  3 . At this temperature one can see the peaks of the two quadrupole doublets of Hb, whereas the additional component yielded a spectrum split by the magnetic hyperfine interaction. A computer fit, assuming the presence of the two Hb doublets and an additional component characterized by a unique magnetic hyperfine field and a small quadrupole interaction, was made. This computer analysis is displayed in the figure. The resulting hyperfine parameters characterizing the subspectrum c component at 4.1 K and at higher temperatures are given in Table 1 The Mossbauer spectrum of the c component at the various temperatures resembles in detail the observed spectrum of isolated storage iron in the form of ferritin or hemosiderin (8) . The form of these spectra and, in particular, their dependence on temperature are very characteristic of the protein, because they are essentially determined by the unique magnetic qualities of ferritin or hemosiderin, in which the iron cores of the protein are antiferromagnetically ordered, but display the phenomenon of superparamagnetism because of the small size of the iron cores (z70 A). At very low temperatures, a welldefined six-line Mossbauer spectrum is obtained, corresponding to a unique internal magnetic field, characteristic of an antiferromagnetically ordered material with only a very small (average) quadrupole interaction. At higher temperatures (above 30 K), this spectrum is replaced by an electric quadrupole-split doublet, the magnetic interaction averaging to zero because of the superparamagnetic fluctuations in the ordered magnetism of the fine particles. In Table 1 , the hyperfine parameters for ferritin and hemosiderin measured by the present authors for rat liver ferritin are also summarized. These parameters are in agreement with those determined for ferritin and hemosiderin (8, 9) . The parameters of the c component are identical to those of ferritin and hemosiderin in the whole temperature range. The Mossbauer data provide, therefore, strong evidence that the additional component is ferritin or hemosiderin.
The quantitative estimates of the relative amounts of Hb iron and ferritinlike iron in thalassemic RBC were based on the Mossbauer spectra taken at 82 K, an example of which is shown in spectrum A of Fig. 2 . From the computer analysis, one obtains the relative areas under the subspectra corresponding to Hb (sum of oxy-and deoxy-Hb subspectra) and to the c component, respectively. The ratio of the amount of ferritinlike iron to Hb iron (denoted by R) is obtained by dividing the ratio of areas in the Mossbauer spectra, by the corresponding ratios of the f-values of iron at 82 K in the two components. The f-values of Hb iron and ferritinlike iron as a function of temperature were estimated in the following way: The f-values for Hb iron were determined by measuring the recoil-free intensities obtained with a sample of normal RBC of known Hb content with a 57Co source of known f-value (0.76). Our measurements show that there is no significant difference between the f-values of oxy-and deoxy-Hb at the various temperatures. The f-values for ferritinlike iron were determined by measuring, with the same source, the recoil-free intensities in a frozen aqueous solution of horse spleen ferritin, whose iron content was determined by the atomic absorption method. It is assumed that the f-value of ferritinlike iron in RBC is identical to the f-value of the iron in the ferritin solution. This assumption seems justified, because the change of the recoil-free fraction with temperature, determined by comparing the areas under the ferritin peaks, is identical for ferritin iron in solution and for ferritinlike iron in thalassemic RBC. These results for the f-values are displayed in Fig. 4 . As seen from the figure, the f-values of Hb and ferritin at 82 K are equal within the limits of error (nt0.75). In one case, the total amount of iron in the sample was determined by the atomic absorption method. This amount was identical to the sum of Hb iron and ferritinlike iron determined by Mossbauer spectroscopy.
The results show that, whereas in RBC of normal controls and The peripheral blood of splenectomized thalassemic patients contains normoblasts, reticulocytes, and mature RBC. The average percentages of normoblasts and of reticulocytes in the RBC of the present group of patients were about 2 and 10%, respectively. It was considered of great interest to determine the relative concentrations of ferritinlike iron, separately, in RBC at different stages of maturation. To this effect, R values were determined as described in the previous section for samples of nonseparated peripheral blood, and also for samples containing significantly different concentrations of normoblasts, reticulocytes, and mature RBC separated by differential centrifugation. As an example, in one case the separated top fraction contained 85% reticulocytes, 2% normoblasts, and 13% mature RBC, whereas the bottom fraction contained 0.4% reticulocytes, 1.8% normoblasts, and t98% mature RBC. In Fig In order to obtain approximate estimates of the relative concentration of ferritinlike iron in reticulocytes and mature RBC separately, we adopt a simplified model which assumes unique averages for the ferritinlike iron concentration in reticulocytes and mature RBC, respectively, independent of their stage of maturation. When this somewhat crude assumption is used, the set of R values obtained for a given patient from the spectra with different relative concentrations of reticulocytes provides a set of simple simultaneous equations from which the ferritinlike iron concentrations for the reticulocytes on one hand and the mature RBC on the other hand can be separately calculated. In Table 2 the amounts of ferritinlike iron thus found for a given patient are expressed relative to the amount of Hb iron in a mature RBC of the same patient.
As seen from Table 2 , in the same thalassemic patient the ratio of ferritinlike iron in mature RBC to Hb iron in mature RBC varies between 0.14 and 0.52. The amount of ferritinlike iron in reticulocytes is between 2.5 and 8 times that of fernitinlike iron in mature RBC. The amount of Hb iron in the reticulocytes was found to be, in almost all cases, about 60% of the total Hb iron in mature RBC.
Hemolysates of Thalassemic RBC. In four cases the absorption spectra of frozen hemolysates of thalassemic RBC were measured at 82 K. All these spectra showed the c component characteristic of ferritin in addition to the oxy-and deoxy-Hb subspectra. For each patient, the ratio of the amount of fernitinlike iron to Hb iron was about 60% of the corresponding R value in the RBC.
Sickle-Cell Anemia and Hb Hammersmith. Similar experiments to those described above were carried out on samples of RBC from peripheral blood obtained from two patients with sickle-cell anemia. In both cases abnormal quantities of fernitinlike iron were observed. In the unseparated RBC of each of Other Cases of Anemia. Similar measurements were carried out on blood samples taken from patients with two different types of anemia with a high reticulocyte count, which were not caused by a primary defect in Hb structure or synthesis. One patient had pernicious anemia and the sample with 15% reticulocytes was obtained during the response to vitamin B-12 injection. The two other patients had Coombs-positive autoimmune hemolytic anemia with 25% and 5% reticulocytes, respectively. After differential centrifugation of the RBC, one could clearly differentiate between reticulocyte-rich and re-ticulocyte-free fractions. Ferritinlike iron could not be detected in any fraction for all three patients investigated.
DISCUSSION
The main arguments for the identification of the compound responsible for the additional component in the Mossbauer spectra of pathological RBC as ferritin or hemosiderin are: (i) Identity of the hyperfine parameters of the subspectrum c component with those of iron in isolated ferritin or hemosiderin.
(ii) The presence of the additional iron compound in large amounts in hemolysates of thalassemic RBC. To our knowledge, the only soluble compound with a magnetic iron core found in mammals is ferritin. (iii) The previous observations of Eylar and Matioli (1), who have shown that the rate of apoferritin synthesis is increased substantially in thalassemic reticulocytes. (iv) Ultrastructural studies of Polliack et al. (2) , which demonstrated the presence of ferritin and hemosiderin granules in thalassemic reticulocytes and normoblasts.
The presence of intracellular unstable Hb is common to the disorders in which ferritinlike iron has been detected in the present work: in thalassemia due to excess of a or fi Hb chains and in Hb Hammersmith due to a mutation in an area of heme globin contact (10) . Denatured Hb has been recently found also in sickle erythrocytes (11) . In contrast to the situation obtaining in normal RBC, where the ferritinlike iron is less than 1% of the Hb iron, the amount of ferritinlike iron was found to be comparable to that of the Hb iron in these disorders. In a few cases, 1 ml of whole blood contained as much as 250,ug of ferritinlike iron in the RBC.
To our knowledge, this is the first time that large amounts of intracellular ferritinlike iron have been identified in sicklecell anemia and in unstable Hb Hammersmith. Sickle-cell hemoglobin has been investigated by Yen et al. (12) by use of the Mossbauer effect, yet no ferritinlike iron has been observed by them. The absorbers used by Yen et al. were prepared from aggregated HbS, which was extracted from hemoglobin hemolysates. It seems that the ferritinlike compound did not precipitate with the aggregated HbS and was, therefore, not observed in their Mossbauer spectra. In some of the absorbers used, Yen et al. observed an additional peak attributed to hemochrome. This peak was not observed in the present work in the Mossbauer spectra of RBC of sickle-cell blood, and we conclude that the amount of hemochrome iron present in our samples of sickle-cell blood is less than 1% of the Hb iron. It seems that the hemochrome found by Yen et al. in some absorbers was produced by the denaturation of Hb during the preparation of their samples.
No ferritinlike iron was found in RBC from two patients with idiopathic Coombs-positive autoimmune hemolytic anemia and from one patient with pernicious anemia at a time when a high reticulocyte count, signifying marked Hb synthesis, was recorded. Moreover, even in a concentrated fraction of reticulocytes, no ferritinlike iron was detected. It seems, therefore, that the presence of relatively large amounts of this kind of storage iron is not essential for Hb synthesis.
The reason for the large difference in the concentration of ferritinlike iron in the two different types of hemolytic anemias studied, one resulting from changes in Hb structure and composition and the other resulting from extracellular causes, is not clear. The large amounts of ferritinlike iron detected in RBC from patients with thalassemia, sickle-cell anemia, or Hb Hammersmith may be a consequence of the high rate of intracellular denaturation of Hb during the accelerated and ineffective erythropoiesis which takes place in these diseases. It is possible that, after intracellular Hb denaturation, heme is separated from globin, as has been demonstrated in Hb Hammersmith (13) , and iron eventually comes off the heme molecule. This iron could be a factor that triggers intracellular apoferritin synthesis. In all cases investigated, for each patient, the amount of ferritinlike iron in the mature RBC is about one-third of the amount in the reticulocytes. Two alternative hypotheses may account for this large difference. (i) The mature thalassemic and sickle-cell RBC, as old surviving cells, contain Hb that is more stable, such as fetal Hb, and, therefore, there is less iron released from denatured Hb and less ferritinlike iron accumulated in these cells. On the other hand, significant fractions of the reticulocytes and normoblasts, which contain large amounts of ferritinlike iron, are destroyed before reaching maturation. (ii) Appreciable amounts of ferritinlike iron are somehow removed from the RBC during the life span of the RBC.
Although the first hypothesis seems more attractive, additional work is needed in order to clarify this issue.
